This paper presents an ongoing research project on the behavior and design of "hybrid" precast concrete wall structures for use in seismic regions. Hybrid precast walls utilize a combination of mild (e.g., Grade 60) steel and high-strength unbonded post-tensioning (PT) steel for flexural resistance across horizontal joints. The mild steel reinforcement is designed to yield in tension and compression, providing energy dissipation. The unbonded PT steel provides self-centering capability, reducing the residual (i.e., permanent) lateral displacements of the wall from a large earthquake. Both the PT steel and the mild steel contribute to the wall lateral strength, resulting in an efficient structure. The paper introduces a seismic design approach that conforms to ACI 318 (2008) and ACI ITG-5.2 (2008) for the validation of hybrid walls as special reinforced concrete shear walls based on ACI ITG-5.1 (2008). This design approach is used to design a series of test specimens investigating the following parameters: (1) relative amounts of mild steel and PT steel; (2) wall height-to-length aspect ratio; (3) concrete confinement details; and (4) presence of openings within the wall panels. A pre-test study is conducted to evaluate the design of the test specimens based on nonlinear reversed-cyclic lateral load analyses. It is shown that the specimens satisfy all of the validation and design prerequisites set forth in ACI ITG-5.1 and ACI ITG-5.2. The subsequent testing of these specimens is expected to ultimately support the code approval of the hybrid wall system for moderate and high seismic regions.
INTRODUCTION AND BACKGROUND
Concrete structural walls make up a large percentage of the lateral load resisting systems in building construction. As shown in Figure 1 , the hybrid precast concrete wall configuration investigated in this research is constructed by placing rectangular wall panels across horizontal joints. These structures offer high quality production, simpler construction, and excellent seismic characteristics by providing self-centering to the building (i.e., the wall returns to its undisplaced "plumb" position after a large earthquake) as well as sufficient energy dissipation to control the lateral displacements. The self-centering capability is achieved by using unbonded posttensioning (PT) steel strands to connect the wall panels, and the energy dissipation is achieved by using bonded mild steel (e.g., Grade 60) bars that cross the horizontal joint at the wall base. Gap opening at the horizontal joints (primarily the base joint) allows the wall to undergo large lateral displacements with little damage. Upon unloading, the PT steel provides a restoring force to close the gaps, reducing the permanent lateral displacements of the structure. The PT force is provided by multi-strand tendons placed inside un-grouted ducts (to prevent bond between the steel and concrete) through the wall panels and the foundation. Thus, the tendons are connected to the structure only at end anchorages. The use of unbonded PT tendons delays the yielding of the strands and reduces the tensile stresses transferred to the concrete (i.e., reduced cracking) as the tendons elongate during the lateral displacements of the structure. The mild steel bars crossing the base joint are designed to yield and provide energy dissipation through the gap opening/closing behavior. A pre-determined length of the mild steel at the wall base is unbonded (by wrapping the bars) to prevent lowcycle fatigue failure. Both the PT steel and the mild steel contribute to the lateral strength of the wall, resulting in an efficient structure.
Despite the desirable characteristics of hybrid precast concrete wall structures, there are significant limitations that prevent their use in seismic regions. Most importantly, Chapter 21 of ACI 318 (ACI 2008) specifies that "a reinforced concrete structural system not satisfying the requirements of this chapter shall be permitted if it is demonstrated by experimental evidence and analysis that the proposed system will have strength and toughness equal to or exceeding those provided by a comparable monolithic reinforced concrete structure satisfying this chapter." The hybrid wall system investigated in this paper falls into this category of "non-emulative" structures that require experimental validation prior to their use in practice.
The minimum experimental evidence needed to achieve the code-validation of hybrid precast walls as "special" reinforced concrete (RC) shear walls is specified in ACI ITG-5.1 (2008), which is referenced in Section 21.10.3 of ACI 318 (ACI 2008). Among the subjects covered in ITG-T5.1 are requirements for the design of the test specimens and their configurations, as well as requirements for testing, assessing, and reporting satisfactory performance. Draft design guidelines (pending experimental validation) can be found in ACI ITG-5.2 (2008) . To date, limited tests and analytical studies are available for hybrid precast walls (Rahman and Restrepo 2000; Holden et al. 2001; Kurama 2002 Kurama , 2005 . While these results have demonstrated the excellent behavior that can be obtained from these structures, the existing knowledge is not sufficient for the required code-validation based on ACI ITG-5.1. The current paper addresses this research need.
RESEARCH OBJECTIVES AND SCOPE
The most pressing U.S. market need related to hybrid walls is code approval as special RC shear walls per ACI 318. Achieving this task would lift a major road block and would advance building construction, with a broad applicability in moderate and high seismic regions. To address the current market need, the primary objective of this project is to experimentally and analytically validate hybrid wall structures for code approval according to the guidelines, prerequisites, and requirements in ACI ITG-5.1 and ACI ITG-5.2. The specific project objectives are to develop: (1) a validated seismic design procedure for the new system; (2) validated analytical models and design tools; and (3) practical guidelines and experimental evidence demonstrating the performance of these structures under seismic loading. The key deliverable from the project will be a seismic design procedure document, which is outlined and used in this paper to design a series of test specimens with the following parameters: (1) relative amounts of mild steel and PT steel; (2) wall height-to-length aspect ratio; (3) concrete confinement details; and (4) presence of openings in the wall panels. As required by ACI ITG-5.1, a pre-test study is conducted to evaluate the design of the test specimens based on nonlinear lateral load analyses. The objective of this study is not only the confirmation of the specimen designs but also the pretest development of the analytical models for subsequent validation using the test data.
OVERVIEW OF VALIDATION AND DESIGN REQUIREMENTS
The roadmap to the required ACI Code validation for hybrid precast concrete walls is provided by several essential documents. ACI ITG-5.1 lays out the minimum experimental evidence needed to achieve ACI 318 acceptance. Specific requirements are given with regards to the tested wall roof drift, measured wall lateral strength to the predicted strength ratio, PT strand stresses and strains, amount of energy dissipation, wall strength degradation, and shear slip at the horizontal joints, among other requirements. The design is conducted at two levels of roof drift as follows: (1) the design-level roof drift, θ wd , which is determined according to ASCE 7 (2006) ; and (2) the validation-level roof drift, which is determined from ACI ITG-5.1 as
where, h w is the height of the wall; and l w is the length of the wall. Prior to conducting the validation testing, ACI ITG-5.1 requires that a pre-test design/analysis procedure for the wall specimens be established. The design procedure used to determine the details of the test specimens in this study is presented below. A few key ACI ITG-5.1 requirements for the test specimens include: (1) a minimum of two wall panels (in order to model a representative panelto-panel joint as well as the base-panel-to-foundation joint) unless the prototype structure uses a single panel for the full height of the wall; (2) a minimum specimen scale of one-third; (3) a minimum wall height-to-length aspect ratio of 0.5; and (4) the use of similar reinforcement details and representative building materials in the test specimens as in the prototype structure.
PROTOTYPE WALL DESIGN
A prototype structure was designed in collaboration with the Consulting Engineers Group (CEG), Texas, following the basic guidelines in ACI ITG-5.2 (2008) and ACI 318 (2008). As shown in Figure 2 (A), the prototype structure is a four-story regularly-shaped precast concrete parking garage with a footprint area of approximately 42000 ft 2 . The first story height is 12 ft while the upper story heights are 11 ft. The structure is located in Los Angeles, California, where the seismic response coefficient for the building was calculated as C s =0.182g.
The lateral load resistance of the building in the N-S direction is provided by seven hybrid walls (see Figure 2 (B) for the elevation of a typical wall). Using the equivalent lateral force procedure in ASCE 7 (2006), the design base moment demand for the exterior walls (where the lateral force demand is largest considering accidental torsion effects) can be determined as M wd =20000 kip.ft. A response modification factor of R=6.0 for special RC shear walls is used in the design. For the selected wall dimensions of h w =45 ft and l w =20 ft (resulting in an aspect ratio of 2.25), the validation-level drift from Equation (1) is θ wm =2.3% and the design-level drift from ASCE 7 is θ wd =0.4%. In the calculation of θ wd , a deflection amplification factor of C d =5.0 was applied to the linear-elastic deflection (flexural plus shear deflections) of the wall determined using an assumed cracked flexural stiffness of I cr =0.60I gross and a shear area of A sh =0.67A gross .
PT Steel and Mild Steel Areas
Energy dissipating mild steel reinforcement near the wall centerline and self-centering PT steel placed in two bundles outside of the mild steel bars cross the base joint for lateral resistance. As shown in Figure  3 (A), the PT steel and mild steel areas are determined to satisfy the wall design base moment demand, M wd =20000 kip.ft. at the design-level drift, θ wd . To determine the required steel areas, the "design mild steel moment ratio," κ d is defined as
with wd wn wp ws
where, M ws , M wp , and M wn represent the contributions of the mild steel reinforcement, PT steel reinforcement, and applied (external) wall design gravity axial load (N wd ), respectively, to satisfy the design base moment demand, M wd . In the design of the prototype structure, a gravity load combination of 100% of the design dead load plus 25% of the design live load was used (note that in practice, the governing load combinations from ASCE 7 should be followed). As described in Kurama (2005) , the κ d ratio is a measure of the relative amounts of the energy dissipating resistance (from the mild steel reinforcement) and the self-centering resistance (from the PT steel reinforcement and the external gravity load) in the wall. Designs using larger κ d result in walls with larger amounts of mild steel reinforcement. If the mild steel contribution is too small (i.e., κ d ratio is too small), then the energy dissipation of the wall may be very small. Conversely, if the κ d ratio is too large, then the self-centering capability of the wall may be small, and thus, it may not be possible to yield the tensile mild steel reinforcement back in compression. According to ACI ITG-5.2, the wall nominal flexural strength is calculated at the designlevel drift, θ wd . An iterative process was followed to estimate the mild steel and PT steel strains and stresses for the prototype wall at θ wd (similar to the process described below for the probable base moment strength). To facilitate direct comparisons between the design demands and the experimentally determined capacities, no capacity reduction factor was used in the axial-flexural design of the prototype structure. The capacity reduction factor specified in ACI 318 should be used in practice. It was initially assumed that the mild steel stress, f sd is equal to the yield strength (f sy =60 ksi for the prototype structure) and the PT steel stress, f pd is equal to the initial stress (i.e., prestress) after all short-term and long-term losses (f pi =0.55f pu with f pu =270 ksi for the prototype). The concrete region in compression was represented using the equivalent rectangular stress block (with f' c =6 ksi) from ACI 318. A value of κ d =0.5 was used for the final design.
Probable Base Moment Strength
The probable maximum base moment strength of the wall, M wm , determined at the validationlevel roof drift, θ wm , is needed to establish the maximum demands on the wall (e.g., maximum forces at the upper joints). As shown in Figure 3 (B), M wm is calculated from fundamental concepts of equilibrium, kinematics, and constitutive relationships considering material overstrength and strain hardening (for the known steel areas of A s and A p found above). The process requires iterative steps using the estimated neutral axis depth, c m at θ wm , and the resulting mild steel, PT steel, and confined concrete strains and stresses (see below). As a starting point for this iterative process, f sm =100 ksi, f pm =f py =245 ksi, and c m =c d (i.e., the neutral axis depth at θ wd ) were used in the design of the prototype structure. At the end of the iterative process, a wall base moment over-strength ratio of M wm /M wd =1.22 was determined. where, φ wm is the "plastic curvature" and h p is the "plastic hinge height" over which the plastic curvature is assumed to be uniformly distributed at the wall base. Based on the guidelines in ACI ITG-5.2, the confinement hoop reinforcement ratio to achieve the required ε cm for the prototype wall was determined as ρ h =0.020, resulting in a confined concrete compression strength of f' cc =8.5 ksi. At each end of the wall, the confined concrete should extend horizontally from the extreme compression fiber a distance not less than 0.95c m , and not less than 12 in., as required by ACI ITG-5.2. Note that the determination of ε cm is an iterative process, since f' cc and c m are not known in advance. In this iterative process (which also involves the determination of M wm above), the confined concrete in compression is represented using a modified rectangular stress block [see Figure 3 (B)] defined by ACI ITG-5.2. The unconfined cover concrete is assumed to be ineffective at θ wm .
Concrete Confinement Steel

PT Steel and Mild Steel Strains and Stresses
The iterative processes to determine A s and A p (at θ wd ) and M wm (at θ wm ) require that the mild steel and PT steel strains can be calculated when the wall is displaced. As shown in Figure 4 , the elongations, δ s of the mild steel bars can be found from the gap opening at the wall base as (6) where, e is the distance of each bar from the wall centerline. Then, the strains, ε s in the mild steel bars can be determined as
where, l b,u is the unbonded length (i.e., wrapped length, see Figure 1 ) of the steel, α b is a coefficient defined in ACI ITG-5.2 to estimate the additional debonded length that is expected to develop during the reversed-cyclic lateral displacements of the structure (α b =0 and 2.0 were assumed for the prototype wall at θ wd and θ wm , respectively), and d b is the bar diameter. By setting ε sm (at θ wm ) equal to an allowable steel strain, the required unbonded length of the bars to prevent fracture of the energy dissipating steel as the wall is displaced to θ wm can be determined. Furthermore, the estimated strains can be used to determine the bar stresses from an assumed steel stress-strain relationship including over-strength and strain hardening. Per ACI ITG-5.2, the energy dissipating mild steel reinforcement is required to be ASTM A706 steel. To prevent lowcycle fatigue fracture, ACI ITG-5.2 also specifies an allowable mild steel strain of ε sa =0.85ε su (where ε su is the monotonic strain capacity of the steel at peak strength). In this research, a mild steel strain limit of 0.6ε su was used in the design of the prototype walls to achieve additional displacement capacity against low-cycle fatigue fracture. Sufficient development length was provided at both ends of the wrapped region to achieve the peak strength of the bars. Equation (6) can also be utilized to determine the elongation of the PT strands by using the distance of each strand from the wall centerline. Then, the strand strains due to gap opening (as the wall is displaced to θ wd or θ wm ) are calculated by dividing the strand elongations with the unbonded length of the strands (equal to the wall height, h w plus an additional length in the foundation). The total strand strains are determined by adding the gap opening strains to the initial strains from f pi (including all losses). These strains are then used to determine the strand stresses from an assumed strand stress-strain relationship. Additional losses in the initial strand stresses due to any nonlinear straining of the strands as the wall is displaced to θ wm can also be incorporated at this step. However, significant nonlinear straining of the PT steel should be prevented at θ wm . A strand strain limit of 0.01 in./in. was used in the design of the walls in this research; thus, the strands are expected to remain mostly in the linear-elastic range thru θ wm .
Panel-to-Panel Joints
The energy dissipating mild steel bars crossing the base-panel-to-foundation joint do not continue into the upper joints. This results in a significant reduction in the lateral resistance of the upper panel joints, depending on the κ d ratio. To prevent significant gap opening at the upper joints, mild steel reinforcement was utilized at the panel ends as shown in Figure 5 . The area of this reinforcement, A s,u is determined from equilibrium, linear material models, and a linear strain distribution (i.e., plane sections assumption) together with the wall design gravity axial load, N wd , the probable PT stresses, f pm (including all estimated short-term, long-term, and drift-related losses), and the probable maximum upper joint moment, M wm,u (as determined from the wall probable base moment strength, M wm ). The design requires that the maximum mild steel tensile stress at the upper panel joints is limited to 0.5f sy (to limit the gap opening) and the maximum concrete compressive stress is limited to 0.5f' c (to keep the concrete linear-elastic). The reinforcement at the panel ends may not be needed if the PT and gravity forces are large enough to prevent gap opening at the upper joints (e.g., higher up in the structure). However, a nominal amount of steel may still prove beneficial for panel alignment purposes during erection.
Shear Design and Panel Reinforcement
The shear design for the wall includes the following:
Shear slip at the horizontal joints -ACI ITG-5.1 requires that shear slip at the horizontal joints be limited to 0.06 in. To prevent slip, the reduced shear friction capacity at the horizontal joints, φV ss (with φ=0.75 for shear) should be greater than the probable joint shear force demands calculated from the base shear force, V wm =M wm /H, where H is the resultant height of the assumed lateral force distribution (a 1 st mode equivalent lateral force distribution was used in the design of the prototype walls). The shear friction capacity was calculated as the friction coefficient, µ ss (with µ ss =0.5 for the base-panel-to-foundation joint and µ ss =0.6 for the upper joints) multiplied by the sum of the applied gravity load, N wd as well as the probable mild steel and PT steel forces (including all estimated short-term, long-term, and drift-related PT losses).
Panel shear reinforcement -The panel shear reinforcement in the prototype walls was designed based on the shear design requirements in ACI 318 (2008).
Panel perimeter reinforcement -As required by ACI ITG-5.2, mild steel reinforcement anchored at the panel corners and providing a nominal tensile strength of not less than 6000 lbs per horizontal foot of panel was placed around the entire perimeter of the prototype wall panels. The objective of this reinforcement is to control concrete cracking initiating from the panel perimeter (particularly at the bottom of the base panel, see Allen and Kurama, 2002) .
TEST PROGRAM
The experimental program features six precast concrete wall specimens based on the prototype structure described above. As listed in Table 1 , five specimens will have hybrid reinforcement details and one "emulative" control wall will utilize only mild steel reinforcement across the horizontal joints (i.e., no PT steel will be used). The primary hybrid wall test parameters will be: (1) wall length, l w ; (2) mild steel moment ratio, κ d ; (3) concrete confinement, ρ h ; and (4) panel openings. The wall aspect ratios resulting from the variation of l w are 2.25 and 3.75.
The test set-up is shown in Figure 6 . The experiments will be conducted at 0.4-scale, which satisfies the minimum scaling limit of ACI ITG-5.2. Another requirement of ACI ITG-5.2 is that the specimens are constructed using a minimum of two wall panels unless the prototype structure uses a single panel for the full height of the wall. In accordance with this requirement, the longer wall specimens (i.e., l w =20 ft at full scale) will feature two panels: the lower panel representing the base panel and the upper panel representing the 2 nd through 4 th stories. The upper story wall panels can be modeled as a single panel since no gap opening is expected at the joints between these panels. The shorter specimens (with l w =12 ft at full scale) will be modeled using a single panel over the entire wall height. The lateral load will be applied at the resultant location of the 1 st mode inertial forces for each specimen.
As described previously, the test specimens were designed to satisfy the validation-level drift, θ wm specified by ACI ITG-5.1. Each specimen will be tested to failure (within equipment limits), which is expected to occur beyond θ wm due to the low-cycle fatigue fracture of the energy dissipating mild steel reinforcement. This is a desirable failure mode for the walls since the presence of multiple reinforcing components (i.e., PT steel strands and mild steel bars) crossing the critical base joint provides redundancy in the ultimate behavior of the structure. Crushing of the confined concrete may occur after the fracture of the energy dissipating reinforcement. Other potential failure modes for the test specimens, which have been suppressed through design, include the fracture of the PT strands, shear slip along the horizontal joints, and shear failure of the wall panels.
PRE-TEST ANALYTICAL AND DESIGN VALIDATION
This section presents a pretest analytical validation of the specimen designs. A fiber element model in DRAIN-2DX (Prakash et al., 1993) , described in Kurama (2002) , was used for this purpose. Since there are yet no experimental results from the current research program, the analytical model was validated using previous experiments of hybrid precast wall specimens conducted by Rahman and Restrepo (2000) . The Rahman and Restrepo (2000) study focused on single panel walls (with no upper panel joints) and no panel openings, which will be investigated by the current research. Thus, the results from these previous and ongoing experimental research programs are expected to complement each other towards the needed ACI validation.
Comparisons between the measured and analytical behaviors for Unit 3 tested by Rahman and Restrepo (2000) are shown in Figures 7, 8 , and 9. The base shear, V w versus roof drift, θ w plots ( Figure 7 ) have very comparable peak forces at both the early and late cycles. The analytical model yields a larger wall stiffness during unloading, which can be improved by using better cyclic material models for the energy dissipating reinforcement. Similarly, the PT force versus roof drift plots (Figure 8 ; shown for the east PT strand) have comparable maximum forces (when the wall is displaced in the positive direction), even though there are some discrepancies in the PT forces during the negative displacements of the wall (when the east strand is on the Finally, the energy dissipating mild steel force versus strain plots ( Figure 9 ) display similar yield force, maximum force, and maximum strain values. Note that there are discrepancies in the modeling of the Bauschinger effect during the unloading of the mild steel reinforcement, which caused the differences in the unloading V w -θ w behavior in Figure 7 as described above.
Despite the generally small differences stated above, the overall comparisons between the measured results from Rahman and Restrepo (2000) and the analytical predictions are very strong. With the analytical model validated through this exercise, predictions of the performance of Specimens 1 and 2 in Table 1 were conducted to achieve pretest validations of their designs. As shown in Figure 10 (A), the analysis of both specimens (at 0.4-scale) predicts a base shear force of about V wd =107 kips at the design-level drift (i.e., at θ wd =0.4%), which matches the calculated design-level force. Similarly, the analysis of the specimens predicts a base shear of about V wm =127 kips at the validation-level drift (i.e., θ wm =2.3%), which matches the calculated probable force.
Note that Specimen 2 has a smaller amount of energy dissipation due to the reduced area of mild steel reinforcement crossing the base joint (i.e., κ d =0.2 versus 0.5, see Table 1 ), while achieving the same maximum lateral forces as Specimen 1. Figure 10(B) shows the validation-level drift cycles (at θ wm =2.3%) for the two specimens, isolated to determine the wall energy dissipation ratio, β w . As defined and required in ACI ITG-5.1, β w should be a minimum of 0.125 at θ wm . The analytical model yields β w =0.28 for Specimen 1 and β w =0.14 for Specimen 2, which satisfy the ACI requirement. These results also demonstrate the wide range of cyclic behavior and energy dissipation that can be achieved in hybrid walls, since Specimen 1 is near the minimum selfcentering limit (i.e., any further increase in energy dissipation would result in a residual drift upon unloading from θ wm ) and Specimen 2 is near the minimum β w limit from ACI ITG-5. 
SUMMARY AND CONCLUSIONS
This paper presents the required pre-test seismic design and analytical validation for the precast hybrid structural wall test specimens in an ongoing project. These specimens will be used to support the ACI Code adoption of hybrid precast walls as special reinforced concrete walls in moderate and high seismic regions. The design procedure, which meets all of the prerequisites, guidelines, and requirements of the applicable validation documents, addresses the design of the PT steel, mild steel, and confined concrete regions at the base and upper panel joints at both the design-level and maximum validation-level drifts. A fiber element analytical model is developed to conduct the pre-test investigation of the specimens. Reversed-cyclic lateral load analyses of the walls with this model validate that the design methodologies used result in the desired behavior of the structures. The analyses also demonstrate the wide range of cyclic behavior and energy dissipation that can be achieved in hybrid walls satisfying the validation documents.
